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Placing a plasmonic nanorod near the termination of a plasmonic nanowire dramatically changes the reflection of 
the wire’s guided mode. By carefully choosing the length of the nanorod, the reflectivity at the wire termination 
nearly vanishes due to destructive interference between the directly reflected wire mode and the infinite sum of the 
partial transmissions back into the wire of the reflected modes inside the nanorod. We show that this near-zero re-
flection condition corresponds to the so far overlooked nonbonding resonance which corresponds to a minimal 
coupling condition with extreme sensitivity to any changes in the nanorod’s local environment. We explicitly 
quantify the sensitivity of the nonbonding condition towards small local and global perturbations of the refractive 
index and outline a method to exploit the nonbonding condition for near-field ultrasensing.  
 
Light can be guided by nanoscale metallic wires as surface 
plasmon polaritons.
1-14
 The complex propagation constant of the 
guided plasmon mode depends on the material and the geometry 
of the nanowire as well as the surrounding medium.
2, 4, 6, 11, 12, 15-
17
 At a wire termination, the guided mode is partially reflected 
and partially scattered into the far field. The reflection can be 
interpreted as being due to the impedance jump between the 
wire’s characteristic impedance Z0 and a load impedance Zload 
embodied by the nanowire termination.
12, 18-21
 The load imped-
ance can be tailored by modifying the wire termination. Figure 
1a depicts a simple modification, i.e. the addition of a short 
nanorod of the same cross section and variable length via a 
finite gap. By tuning the length of the nanorod, a condition of 
near-zero reflectivity can be obtained, at which the nanorod 
resonance seemingly absorbs all the power delivered via the 
nanowire mode but does hardly couple back to it. The corre-
sponding length of the nanorod is very close to the resonance 
length of an isolated nanorod. The condition is therefore desig-
nated as “nonbonding” resonance condition. Around the non-
bonding resonance, the phase change of the reflected wave is 
extremely steep and therefore sensitive to any small perturba-
tions in the close vicinity of the nanorod. Typically, local sens-
ing using single resonant plasmonic nanostructures is limited by 
the broad spectral linewidth and the correspondingly slow phase 
change. To circumvent this, extended arrays of plasmonic 
nanostructures have been employed to achieve narrow lattice 
resonances with steep phase responses 
22-25
. Yet the increased 
sensitivity comes at the cost of reduced spatial resolution. The 
nonbonding wire-rod system exhibits a sharp resonance and an 
extremely steep phase curve while maintaining a deep subwave-
length footprint. These properties render the nonbonding wire-
rod system highly advantageous for nanoscale integrated sens-
ing purposes. Here, we study the origin of the nonbonding reso-
nance condition and demonstrate its usability for ultrasensing 
applications. The novel sensing scheme may facilitate the detec-
tion of single molecular binding events.  
The system under study consists of a gold nanowire with a cir-
cular cross section (diameter = 30 nm) in vacuum at 361.196 
THz (wavelength = 830 nm). The wire is terminated by a hemi-
spherical end cap. The propagation constant of the fundamental 
guided mode is solved using the finite-difference frequency-
domain method (MODE Solutions, Lumerical Solutions Inc.).
26
 
The dielectric function of gold is modeled using the data by 
Johnson and Christy.
27
 The obtained eigenmode is used as a 
source in three-dimensional finite-difference time-domain simu-
lations (FDTD Solutions, Lumerical Solutions Inc.). The 
nanogap between the wire and the nanorod is fixed to 10 nm. 
Due to the relatively small wire diameter of 30 nm compared to 
the free-space wavelength (830 nm), the nanowire supports only 
the fundamental TM0 eigenmode.
9, 17
 The transverse mode pro-
file is displayed in the inset of Fig. 1a. The complex propaga-
tion constant of the guided mode can be expressed as  
                                 𝑘 = 𝛽 + 𝑖𝛼               (1) 
where i is the imaginary unit, β = 2π/λeff is the propagation con-
stant with λeff the effective wavelength, and α is the field decay 
constant due to Ohmic losses. Taking plasmon reflection at the 
wire termination into account the electric near-field intensity 
distribution along the semi-infinite wire is 
20, 21
 
| 𝐸(𝑥) |2 = | 𝐸0[𝑒
𝑖𝑘𝑥 + 𝑒𝑖𝑘(𝑥0−𝑥)𝛤𝑒𝑖𝑘𝑥0] |
2
,           (2)  
where 𝐸0 is the initial amplitude of the mode, x is the spatial 
coordinate in the propagation direction, x0 is the distance be-
 tween the mode source injection point at x = 0 and the end of 
the cylindrical part of the wire at x = 2985 nm, and 𝛤 is the 
complex reflection coefficient, which can be obtained by fitting 
the simulated standing wave pattern of the electric near-field 
intensity with Eq. (2). The near-field intensity distribution is 
recorded 5 nm away from the wire surface. Here, only the elec-
tric field component normal to the wire surface is considered for 
the guided TM0 mode. Since the mode reflection is very sensi-
tive to the exact condition of the wire termination,
16, 19
 a nano-
rod in close vicinity of the termination can drastically alter the 
reflection coefficient and the standing wave pattern. Fig. 1b 
shows two distinctively different near-field standing wave pat-
terns obtained for different terminations. The plain termination 
without a vicinal nanorod results in a pronounced standing wave 
pattern due to a high reflectivity (|Γ| = 95.6%). Using a nanorod 
(length = 153 nm) as termination surprisingly results in a greatly 
reduced reflectivity (|Γ| = 5.4%), which is accompanied by a 
strong energy localization within the nanorod.  
 
FIG. 1 (color online). (a) Schematic diagram and circuit model illus-
trating the reflection of the guided plasmonic mode at the termination 
of a gold nanowire. The inset shows the modal profile of the guided 
mode. The mode reflection at the wire termination is highlighted with a 
red dashed rectangle. The reflection is determined by the interference 
between the mode directly reflected by the gap (green) and the modes 
that transmit to the nanorod and come back to the wire (red). See sup-
plemental material for details. (b) Standing wave patterns of electric 
near-field intensity along the nanowire at a termination open to vacuum 
(upper panel) and facing a 153-nm nanorod (bottom panel) via a 10 nm 
gap. The red dashed lines show the fits of Eq. (2) to these standing 
wave patterns using the complex reflectivity as a fit parameter. (c) 
Reflectivity amplitude (upper panel) and phase (bottom panel) as a 
function of the nanorod length. Vertical lines indicate arm lengths 
resulting in reflection minima. The red and dashed green horizontal 
lines mark the reflection amplitude and phase of a termination open to 
vacuum and a gap in an infinitely long wire. 
Fig. 1c displays the reflection amplitude and phase as functions 
of the nanorod length. Reflection minima accompanied by rapid 
phase changes occur at rod lengths of 153 nm, 350 nm, and 548 
nm. Deeper analysis reveals that the reflection minima are the 
result of destructive interference between the directly reflected 
mode (green arrow in Fig. 1a) and the (infinite) sum of the par-
tial transmission resulting from multiple reflections inside the 
nanorod (dark red arrows in Fig. 1a). The degree of destructive 
interference is controlled by the length of the nanorod (see sup-
plemental material). 
The effect is most pronounced for a rod length of 153 nm for 
which only 5% of the incoming mode intensity is reflected. As 
the nanorod length increases, the second and third dips emerge 
at 350 nm and 548 nm. Those interference minima are signifi-
cantly broader and less deep which is due to an increasing im-
pact of propagation loss. A common feature of all reflection 
minima is that a portion of the power of the guided mode is 
effectively trapped on the nanorod, resulting in strongly en-
hanced local optical fields (see Fig. 1b).  
Since we consider the nanorods as Fabry-Perot resonators for 
the guided TM0 wire plasmon modes it is instructive to compare 
the resonance of a nanorod attached to a nanowire (a wire-rod 
system) with that of a nanorod attached to an identical nanorod 
via a nanogap (a symmetric two-wire gap nanoantenna).
28, 29
 
The resonance condition of the nanorod can be characterized by 
the accumulated phase F for one round trip in units of 2π, 
                                        𝐹 =
2𝐿∙𝛽+𝜃𝑟1+𝜃𝑟2
2𝜋
,                             (3) 
where L is the length of the cylindrical part of the nanorod, 𝛽 is 
the propagation constant of the TM0 wire plasmon mode and 
𝜃𝑟1 and 𝜃𝑟2 are the reflection phases at the respective termina-
tions including the hemispherical end caps. Resonances occur at 
integer F values. Using 𝛽 and the reflection phases of Fig. 1c, F 
can be calculated as a function of the rod length. The result is 
plotted in Fig. 2.  
For the wire-rod system, the nanorod has one end open to vacu-
um and the other end facing the gap towards the nanowire. In-
creasing the rod length linearly increases F, resulting in one 
single resonance length at each integer F (black trace in Fig. 2). 
For symmetric two-wire gap nanoantennas, the two identical 
nanorods have one end open to vacuum and the other facing an 
identical nanorod via a gap. The coupling of the two nanorods 
 leads to a notable oscillation around each integer value of F. As 
a result, triples of resonant lengths are found for each integer F. 
Taking F = 1 as an example, only one resonance length is found 
at 153 nm for the wire-rod system but three resonant lengths are 
found at 136 nm, 153 nm and 173 nm for nanoantennas for the 
same resonance order. The shortest and longest rod lengths 
correspond to the arm lengths of the bonding and antibonding 
two-wire gap nanoantennas, respectively (supplemental materi-
al). The intermediate rod length (153 nm) coincides with the 
resonant length of a single nanorod in a vacuum (158 nm). In 
other words, in the wire-rod system, the resonance of the nano-
rod is not perturbed by the presence of the nanowire. This 
means that the nanorod is decoupled from the wire despite the 
very small size of the nanogap. We, therefore, call the nanorod 
at this length a “nonbonding” nanorod. Bonding and antibond-
ing modes of two-wire gap nanoantennas have been extensively 
studied.
11, 28-31
 However, the nonbonding condition correspond-
ing to a condition of minimal coupling between the two identi-
cal nanorods has so far been overlooked. In the following, we 
discuss the significance of the nonbonding condition and theo-
retically demonstrate its application in ultrasensing.  
 
FIG. 2 (color online). F ratio as a function of the length of a nanorod 
attached to a nanowire (black dots) and to an identical nanorod (grey 
squares) through a 10 nm gap. The latter finds three resonant lengths at 
each integer F, corresponding to the bonding, nonbonding and anti-
bonding resonance.  
 
In the nonbonding wire-rod system, the highly suppressed back 
coupling to the wire leads to effective trapping of the optical 
power on the nanorod and consequently to considerable field 
enhancement around the nanorod accompanied by an extremely 
steep phase change. To benchmark the sensitivity of the wire-
rod system as a sensing element, in Fig. 3 we compare the re-
flection amplitude and phase of the TM0 wire mode by a non-
bonding termination (length = 153 nm) with the scattering of 
plane waves (λ = 830 nm) by a single nanorod in a vacuum 
(length = 158 nm). With the nonbonding nanorod, the reflection 
phase exhibits extremely steep variation around the minimum of 
the reflection amplitude (Fig. 3a). For the single nanorod in a 
vacuum, the scattering phase variation is rather moderate as 
expected from a harmonic resonator passing its resonance.  
Since the nonbonding resonance results in minimum reflection 
and dramatic changes of the phase, it is very sensitive to tiny 
changes in the local environment of the nanorod. We, therefore, 
propose using the combination of a nanowire with a nonbonding 
nanorod as an ultrasensitive local sensing device.  
In a first demonstration, we show that a nonbonding wire-rod 
sensor is much more sensitive than a single isolated nanorod by 
placing a glass nanosphere (diameter = 20 nm) in its close vicin-
ity. We scan the separation between nanosphere and nanorod 
(Fig. 4a) to obtain the reflection amplitude and phase at each 
separation. For a fair comparison of the sensitivity between the 
nonbonding wire-rod sensor and the single nanorod sensor, we 
evaluate the relative normalized change in the amplitude 
by
 Γ
with sphere
 –Γ
without sphere
Γ
without sphere
 . As for the phase, we report the 
change in units of 2π by 
𝜃
with sphere
 –𝜃
without sphere
2π
.  
 
FIG. 3 (color online). (a) Reflection amplitude (blue) and phase (red) 
of the TM0 wire plasmon mode as a function of the length of the nano-
rod attached to the wire termination via an air gap. The reflection phase 
exhibits an extremely steep slope at the reflection minimum at the rod 
length corresponding to the nonbonding resonance (153 nm). (b) Scat-
tering cross section and phase of a single nanorod excited by a longitu-
dinally polarized plane wave. The wavelength is 830 nm. 
 
The relative normalized changes in reflection amplitude and 
phase are plotted in Figs. 4b and c, respectively. For a nonbond-
ing nanorod-wire system, the relative changes in reflection 
amplitude and phase exhibit a pronounced increase for separa-
tions of less than 5 nm. This is in stark contrast to the scattering 
intensity and phase change of a resonant single nanorod, as 
 typically used in plasmonic sensing. Since the ultrahigh sensi-
tivity is only found for separation below 5 nm, the ultrasensitive 
probe has a very small probe volume localized in the close vi-
cinity of the nanorod, which makes the probe insensitive to 
matrix fluctuations outside the probe volume. Similarly, for 
surrounding index changes (Fig. 4d) the nonbonding wire-rod 
sensor again by far outperforms the single resonant nanorod. 
The relative reflection amplitude and phase in comparison with 
the scattering of a single nanorod are plotted in Figs. 4e and f. 
While the resonant single nanorod is rather insensitive to the 
surrounding index variation, the nonbonding wire-rod sensor 
shows extremely high sensitivity to the index change. We con-
ceive that even attachment or detachment of single proteins 
should be detectable. 
32-34
 
 
FIG. 4 (color online). Comparison of the sensing performance of the 
nonbonding wire-rod probe (blue) and a single resonant nanorod 
(green). (a)-(c) Sensing the separation to a silica bead. (d)-(f) Sensing 
the change of the refractive index of the surrounding medium. 
Finally, we propose a method to experimentally observe the 
change of the reflection in the far field. As illustrated in Fig. 5, 
one may exploit the spin-orbit locking effect to launch the guid-
ed plasmonic mode in one direction and to detect the reflected 
mode. Two gold nanoparticles are placed close to the nanowire 
with a nonbonding termination. The distance between the two 
nanoparticles must be large enough to be resolved by an optical 
microscope. Right-handed circularly polarized light (CPL) at 
830 nm will be focused onto the nanoparticle closer to the gap 
in order to launch the guided mode into one single propagation 
direction determined by the handedness of the CPL via spin-
orbit locking. 
35-43
  The guided mode will propagate to the nan-
owire termination where it is fed into the nanorod with hardly 
any back reflection, as shown in Fig. 1b. Upon disturbance of 
the nonbonding condition, a backward propagating mode will 
be scattered first by the in-coupling nanoparticle and then the 
out-coupling nanoparticles. The scattered light is circularly 
polarized with opposite handedness because the propagation 
direction of the guided mode is reversed by the reflection. With 
this scheme, the detection will be nearly background free. To 
access the reflection phase, a reference beam must be intro-
duced to interfere with the out-coupled left-handed CPL.  
 
FIG. 5 (color online). Detection setup:  Spin-orbit locking is used to 
launch a directed guided mode and to detect the reflected mode in 
spatially separated regions. 
 
In conclusion, we present a new type of ultrasensitive near-field 
probe based on the so far overlooked nonbonding resonance. 
We present a semi-analytical Fabry-Pérot model to predict the 
arm length for bonding, nonbonding and antibonding modes of 
symmetric two-wire gap nanoantennas. The nonbonding reso-
nance condition virtually decouples the nanorod from the feed-
ing structure based on an extremely sensitive heterodyne de-
structive interference condition. The nonbonding resonance 
condition is therefore very sensitive to the local environment of 
the nanorod. Any tiny change of the local environment leads to 
very large variations in the reflection amplitude and even more 
so in the reflection phase. Therefore, a nanowire terminated by a 
nonbonding nanorod can serve as an ultraprobe for near-field 
sensing. We also propose an experimentally realizable scheme 
to detect the reflection mode by exploiting the spin-orbit lock-
ing effect.  
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I. Analytical model for the interference of the backward propagating modes  
In this section, we model the reflection behavior of the wire-rod system. We consider interference ef-
fects of the direct reflection at the nanogap and the fields which are fed back to the wire across the gap 
after having undergone oscillations on the nanorod (Fig. S1(a)). The superposition of these contributions 
resulting in the total reflection 𝑅𝑡𝑜𝑡 reads 
𝑅𝑡𝑜𝑡 = 𝑅𝑔 +
𝑇𝑔
2
𝑅𝑔
∙ ∑ [𝑅𝑒𝑅𝑔𝑒
2(−𝛼+𝑖𝛽)𝐿𝑛𝑒𝑡]
𝑘𝑛
𝑘=1 .      (Eq. S1) 
Here, 𝑅𝑔 and 𝑇𝑔 are coefficients for reflection and transmission across the gap in an infinitely long wire, 
respectively. 𝑅𝑒 denotes the reflection at the end of the nanorod open to vacuum. The guided TM0 
eigenmode is characterized by its propagation constant 𝛽 and attenuation constant 𝛼. 𝐿𝑛𝑒𝑡 is the net 
length of the nanorod, i.e. the length of its cylindrical part without the hemispherical endcaps and 𝑛 rep-
resents the number of oscillation roundtrips on the nanorod. Since losses are already included in the 
attenuation constant, damping high-order oscillations accordingly, we consider 𝑛 → ∞ and simplify the 
sum in (Eq. S1) using the limit of the geometric series: 
𝑅𝑡𝑜𝑡 = 𝑅𝑔 +
𝑇𝑔
2
𝑅𝑔
∙ (
1
1−𝑅𝑒𝑅𝑔𝑒
2(−𝛼+𝑖𝛽)𝐿𝑛𝑒𝑡
− 1)       (Eq. S2) 
In Lumerical MODE solutions and FDTD solutions we determine the following parameter values (gap = 
10 𝑛𝑚): 
𝑅𝑔 = 0.7998 exp(𝑖 1.1495 𝑟𝑎𝑑) 
𝑅𝑒 = 0.9492 exp(𝑖 1.0886 𝑟𝑎𝑑) 
𝛼 = 3.90533 ∙ 10−4 𝑛𝑚−1 
  
2 
𝛽 = 0.016078 𝑛𝑚−1 
|𝑇𝑔| = 0.5579 
The arg(𝑇𝑔) is open for fitting the power series model (Eq. S2) to the reflection data obtained from 
FDTD simulations (Fig. 1c in the main text). The analytical result is shown in Figure S1. The power 
series model reproduces the pronounced minima in reflection amplitude and the steep jumps in reflec-
tion phase at the corresponding nonbonding rod lengths. From the fit we find arg(𝑇𝑔) = −0.3365 𝑟𝑎𝑑.  
  
Figure S1. (a) Schematic illustration of the interference between the direct reflection and the power 
series of the fed back modes from the nanorod. (b) Reflection amplitude (upper panel) and phase (lower 
panel) of the wire-rod system. The total reflection is modeled by the interference of direct reflection at 
the gap and back-transmitted fields from the rod resonator. Black data points representing results from 
full FDTD simulations are taken from Figure 1c in the main text. The solid red line is the fit of the ana-
lytical power series model for infinite oscillation roundtrips (Eq. S2) to the numerical reflection coeffi-
cient. The pronounced features in total reflection are fully captured by the analytic approach. 
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3  
II. Simulated resonances of symmetric two-wire gap nanoantennas 
 
Figure S2. Simulated resonances of a series of single rods and gap nanoantennas as a function of the 
arm length. The bonding (black) and antibonding (red) resonances are obtained by exciting the antenna 
with a displaced dipole source and record the field at the end of the antenna, while the nonbonding reso-
nance (blue) is obtained from a single rod. The simulated resonance wavelengths for the three lowest 
resonance orders are indicated by squares, circles, and triangles, respectively. Inset: Near-field intensity 
distribution in a cut mid-height through structures showing 1st order bonding (top), nonbonding (cen-
ter), and antibonding (bottom) resonance, respectively. 
 
 
